Abstract. This research is caused by the need to make a scientific and technical analysis and obtain informed assessments of the consequences of deicing agents application to urban roads for the heat network infrastructure. The main objectives of this research were to assess the impact of the deicing agent on initiation and acceleration of corrosion of the heat network equipment (pipelines, nonmobile and sliding bearings), the effect of this corrosion on reliability of heat supply to consumers, and to determine the economic damage caused by the decline in service life of pipelines. In addition, the study identified additional circumstances of the detrimental effect of deicing agents on the heat network infrastructure associated with destructive changes in the concrete structures of the heat network thermal chambers.
Introduction
A significant part of urban heat networks (HN) in countries with cold climatic conditions are laid under roads, including long distance pipelines of large diameter. In this regard, every year the number of damaged pipelines due to the impact of deicing agents (DIA) increases.
Thus, informed assessments of the consequences of DIA application to urban roads for the HN infrastructure are needs. The main objectives of this research were to assess the impact of the DIA on initiation and acceleration of corrosion of the heat network equipment (pipelines, nonmobile and sliding bearings), the effect of this corrosion on reliability of heat supply to consumers, and to determine the economic damage caused by the decline in service life of pipelines.
To perform a physicochemical analysis, we selected fragments of salt deposits, pipelines and structures of thermal chambers affected by DIA related corrosion. The experiments were carried out using specialized and certified devices. All samples were obtained by inside examination of HN thermal chambers and sections of the district heating system (DHS) in Irkutsk. The techno economic analysis of the actual and predicted consequences induced DIA damage to the HN was conducted on the basis of statistical information from incident logs, data on the HN state and other documents, as well as reference data.
Physicochemical study on the DIA related corrosion of HN equipment
Sampling was carried out at the HN facilities of DHS of Irkutsk. Fig. 1 presents the photographs from some of the facilities exposed to DIA. Fig. 1 . View of the HN structures and pipelines exposed to DIA: a) concrete structures and pipeline under the Glazkovsky Bridge, Irkutsk (arrows point to mineral stalactites and the pipeline surface under them, that undergoes intensive destruction); b) concrete structure of one of the thermal chambers located under the road; c) the state of the thermalinsulation surface of the pipeline subjected to intensive impact of DIA.
In order to carry out a physicochemical analysis, we selected the fragments of salt deposits, thermal chamber structures (slabs, supporting beams), pipelines, fittings, E3S Web of Conferences 58, 02005 (2018) https://doi.org/10.1051/e3sconf/20185802005 RSES 2018 thermal-insulation and anticorrosion layer of pipelines damaged by DIA related corrosion. Table 1 . Table 1 . They indicate an alkaline medium for all the samples under study.
Destruction of concrete structures. Chemically, concrete of the most common building brands is an alkaline composition with a pH value of 11-12. When water percolates through concrete, lime is removed because of its solubility (up to 1.3 g/l) and, consequently, the strength of structure decreases, which subsequently leads to gradual destruction of the cement stone. Thus, the reduction in the amount of free lime by 20% leads to a considerable decrease in the mechanical properties of concrete structures [1] [2] [3] . At the same time, the branched fine capillary structure of concrete (capillary porosity of 7-10%) makes the water filtration process rather slow.
The main components of DIA used on roads are sodium, calcium and magnesium chlorides. Magnesium chloride is affected by acid hydrolysis to a greater extent: MgCl2 + H2O = MgOHCl + HCl. Getting to the surface of concrete structures, these components neutralize free lime in concrete and dissolve CaCO3. In this case, the expanded pores of concrete are filled with salt solutions, and after water evaporation, they are filled with solid crystals. The crystals are hygroscopic, therefore they absorb water and form crystalline hydrates, for example: MgCl2.2H2O, Na2SO4.10H2O, etc. The pressure of crystallization and hydration arises, which leads to the formation of microcracks inside and on the surface of concrete. This phenomenon is greatly enhanced by cycles of climatic changes in temperature that lead to so-called concrete scaling, i.e. flaking or peeling of concrete surface. This process is clearly seen in Fig. 1-b .
Destruction of thermal insulation layer and anticorrosion coating. After penetration through concrete structures or surface due to washout of Ca(OH)2 from the concrete, the DIA solution acquires alkaline properties. This is also confirmed by the results of a chemical analysis of samples taken from the pipelines and walls of thermal chambers ( Table 1) .
The thermal insulation of the considered pipelines is made on the basis of polyurethane foam, and the anticorrosion coating is based on the complex polyurethane coating. The heart of the solid polyurethane coating is the so-called prepolymer, which has two types of bonds responsible for the polymeric structure: the amide bond -CO-NH-R'-and the ester bond -CO-O-R-. The latter is unstable because the esters are highly susceptible to hydrolysis reaction, which leads to the breakdown of the bond and formation of an alcohol and an acid: R-CO-O-R'+ H2O <=> R-COOH + R'-OH. It is known [4] that the rate of hydrolysis in alkaline medium compared to neutral medium (pH=7) is increased by 10 (pH(b)-7) times, where pH(b) corresponds to the contacting solution. In the considered case the pH value of DIA measured after the salt is removed from the fragments of the destroyed thermal insulation, exceeds 10 units (see Table 1 ). This means that the rate of hydrolysis (i.e. the polymer destruction) rises at least by 10 10-7 = 1000 times. Electrochemical corrosion of metal pipelines under the effect of salt deposits. The main type of corrosion of metal pipelines is pitting corrosion, which is characterized by localized destructions observed in the cases where the corrosion rate in some areas is higher than in others [7] [8] [9] [10] [11] . It is also worth noting that in addition to pitting, pipelines are subject to stress corrosion cracking [12] . The effect of pitting processes can be seen on the fragments of the pipelines shown in E3S Web of Conferences 58, 02005 (2018) https://doi.org/10.1051/e3sconf/20185802005 RSES 2018 Fig. 4 . The picture "a" demonstrates pitting damage leading to through holes, while "b" one shows a section with remaining parts of polyurethane thermal insulation.
The rate of electrochemical corrosion [12] [13] [14] [15] [16] is proportional to the corrosion current, which, in accordance with Ohm's law, is proportional to the difference in potentials between the cathodic and anodic areas of the sur-face. In general, the surface to be corroded is a branched electrical (electrochemical) circuit in which the corrosion currents connect different anodic and cathodic areas. In this case, currents can flow between any differently charged micro-areas of a nonuniform metal surface. The existence of such heterogeneities is caused both by the nature of metal (heterogeneity of chemical composition) and by the mechanical state of metal (micro-inhomogeneity, dislocations, etc.). In the anodic areas of the pipeline metal surface, in the absence of moisture, the iron ions remain on the surface and form the so-called electrical double layer with zero leakage current. However, in the presence of moisture, these ions are hydrated and removed from the structure of the double layer, which initiates their replenishment due to the formation of new ions, and the process of corrosion begins. This process consists of two successive reactions that result in well-known brown rust (ferric hydroxide): 1) Fe2 + 2OH-= Fe(OH)2 and 2) 4Fe(OH)2 + O2 + 2H2O = 4Fe(OH)3. It is known that the presence of chlorides in the solution considerably accelerates corrosion [8, 9] because ferrous ions form highly soluble complexes with chloride ions (FeCl2+, FeCl2+, FeCl3, FeCl4-). These complexes are highly strong and provoke dissolution of the iron hydroxide film that inhibits corrosion. As a result, corrosion of the pipeline surface is increased.
According to the assessment based on all the considered factors and conditions, the corrosion rate of HN pipelines exposed to DIA increases by approximately 7.5 times. As for the chemical corrosion under the effect of air oxygen [17] , at this temperature this process is much slower than electrochemical corrosion [12] .
Techno economic and reliability analysis of DIA impact on HN pipeline
The result of processing the data on the damage in HN of Irkutsk city associated with the use of DIA is shown in Table 2 . The damage incidents that occurred in the nonheating season are mainly related to the hydraulic tests and have a long restoration period. As can be seen from the Table 2 , 307 damage incidents related to the use of DIA were recorded in HN, which is 35% of the total number. It took 3897 hours to restore the areas damaged by DIA, with an average repair time of 13 hours. The total heat undersupply during the repair of damaged pipelines affected by DIA amounted to 12176 Gcal. Fig. 4 demonstrates the distribution of the pipeline repair duration and heat undersupply by month in 2017. Reliability analysis of HN considering DIA induced damage. Table 3 presents the results of an integrated reliability analysis based on the assessment of the availability factor (AF) for HN of Irkutsk in terms of pipeline damage associated with the use of DIA. In this case, AF is interpreted as an average value of the part of the heating period, during which the indoor air temperature in the customer's premises does not fall below the specified limit value (t min ) [19] . The assessment was carried out for three reliability criteria, corresponding to t min = 20 °C, t min = 18 °C and t min = 12 °C. It took into account the slack time related to heat accumulation in buildings and employed nomographic charts of cooling of residential premises [20] . Note: all the indicators are calculated for a heating period of 5784 h; disconnection is interpreted as an interruption of heat supply to consumers in compliance with the accepted criterion; AF is calculated for DHS only with respect to DIA related damage; minimum values for ensuring standard reliability that corresponds to the value of AF 0.97
According to [21] , the standard value of AF is 0.97. As seen from Table 3 , the required level of reliability under the existing number of DIA induced damage incidents is achieved only if the minimum indoor air temperature of the consumer is at a level of 12 °C. Based on the calculations, the necessary conditions were also established to ensure AF standard value for the specified criteria (Table 3) .
Analysis of DIA induced corrosion effect on service life of HN pipelines and their replacement cost overruns.
A physicochemical analysis of the increase in DIA induced corrosion intensity in HN (section 2) allows us to confirm the acceleration of the pipeline wear by at least 7.5 times. Taking into account this factor, the data on the length of the Irkutsk HN located under the roads, and the "age" structure of the networks, we made a forecast (up to 2024) of HN pipelines wear and tear (Fig.  5) . The starting point of the forecast (2017) is 62 km (14% of the total length of HN in the city) and corresponds to the length of worn-out HN under the roads.
According to the obtained results, without annual replacement of pipelines, the length of worn-out networks located under the roads by 2024 will be 73 km (16% of the total HN length) disregarding DIA impact, and 87 km (19%), considering the effect of DIA. At the rate of network replacement equal to that in 2017 (3.9 km/year) and the absence of DIA, the deterioration of the networks will decrease to 46 km (10%) by 2024, and in the case of DIA use, its level will practically not change (Fig. 5) . For the level of wear achieved at the current replacement rate and the impact of DIA, it is necessary to increase the rate of pipeline replacement to 5.8 km.
Based on the indices of the pipeline restoration rates and data on the cost of the pipelines replacement, we compared the expected cost of replacing the worn HN in Irkutsk until 2024 with and without consideration of DIA effect. The level of wear at the end of the considered period was taken equal to 46 km (10%), which corresponds to the current replacement rate of 3.9 km without DIA effect. The results of this assessment are given in Table 4 . The existing level of the pipeline replacement costs disregarding DIA is about 347 million rub/year. At the same time, maintaining the replacement rate of 5.8 km/year that provides the same level of wear at the end of the calculation period (46 km) will require much higher costs that are estimated at about 516 million rub/year. Thus, the cost overruns related to the replacement of the under road pipelines worn-out due to DIA induced corrosion, are quite significant and amount to 49%, which corresponds to 169 million rub/year. The cost in Table 4 for each subsequent year is shown in the format of a cumulative total, i.е. includes the sum of costs for the previous years. As a result, the E3S Web of Conferences 58, 02005 (2018) https://doi.org/10.1051/e3sconf/20185802005 RSES 2018 value of the cost for 2024 corresponds to the amount of costs for the entire period in question.
Conclusions
The main objectives of research were to comprehensively assess the effect of DIA on corrosion of HN, including a physicochemical analysis of corrosion processes and a techno economic analysis of the consequences of corrosion related damage to HN pipelines. The studies were carried out at HN of Irkutsk city, and the samples taken directly from thermal chambers of HN were used as initial materials for a laboratory analysis.
The physicochemical analysis of the samples revealed the indisputable factors of the destructive effect of DIA on polyurethane anticorrosion and thermal insulation coatings of the pipelines. The calculations demonstrated at least a 1000-fold increase in the rate of hydrolysis, i.e. destruction of polymer insulation, under the operating temperatures of HN pipelines (70-130°C). Moreover, the process of corrosion-related wear of metal pipelines is accelerated by about 7.5 times.
The techno economic analysis of the consequences of DIA use for HN pipelines involved generalized and structured statistical data on the incidents in HN of the city. Based on the calculations using statistical analysis and interpolation methods, we obtained the indices necessary to assess the consequences of pipeline damage caused by DIA in terms of the duration of repairs, heat undersupply, restoration costs, etc. The findings indicate that with the existing number of such damage incidents, the required level of reliability is achieved only for the minimum indoor air temperature at a level of 12 °C. Additional reliability measures will be necessary to meet higher comfort requirements of the consumer in case of pipeline accidents.
The decrease in the service life of the Irkutsk under road HN pipelines damaged by DIA related corrosion has been assessed. The assessment indicates that with the current rates of pipelines replacement, the level of their wear and tear related to DIA application is not reduced. Moreover, the reduction in HN depreciation associated with DIA effect will require a significant increase in funding their reconstruction.
In conclusion, it is worth noting that the conducted studies confirmed the negative effect of DIA on HN of the city. The scale and extent of this effect call for additional in depth investigation of this issue and measures to eliminate the negative corrosive effect of DIA on the heat supply facilities of the city.
